Nighttime water flow varies between plant species and is a phenomenon for which the magnitude, purpose and consequences are widely discussed. A potential benefit of nighttime stomata opening may be increased nutrient availability during the night since transpiration affects the mass flow of soil water towards plant roots. We investigated how nitrogen (N) and phosphorus (P) fertilization, and short-term drought affected stomatal conductance of Fraxinus excelsior L. and Ulmus laevis Pallas during the day (g s ) and night (g n ), and how these factors affected growth for a period of 18 weeks. Both species were found to open their stomata during the night, and g n responded to nutrients and water in a different manner than g s . Under N-deficiency, F. excelsior had higher g n , especially when P was sufficient, and lower pre-dawn leaf water potential (Ψ pd ), supporting our assumption that nutrient limitation leads to increases in nighttime water uptake. Under P-deficiency, F. excelsior had higher relative root production and, thus, adjusted its biomass allocation under P shortage, while sufficient N but not P contributed to overall higher biomasses. In contrast, U. laevis had higher g n and lower root:shoot ratio under high nutrient (especially N) availability, whereas both sufficient N and P produced higher biomasses. Compared with well-watered trees, the drought treatment did not affect any growth parameter but it resulted in lower g n , minimum stomatal conductance and Ψ pd of F. excelsior. For U. laevis, only g s during July was lower when drought-treated. In summary, the responses of g s and g n to nutrients and drought depended on the species and its nutrient uptake strategy, and also the timing of measurement during the growing season. Eutrophication of floodplain forests dominated by F. excelsior and U. laevis may, therefore, considerably change nighttime transpiration rates, leading to ecosystem-level changes in plant-water dynamics. Such changes may have more severe consequences in the future as a higher frequency of drought events is predicted under climate change.
Introduction
Water use by plants is a key factor for the water balance of an ecosystem, and water availability is an important factor limiting primary productivity (Webb et al. 1983 ). Nevertheless, substantial water loss during the night without associated carbon gain has been documented in many species belonging to a wide range of functional groups, such as conifers, broad-leaved woody species, and C3 and C4 species (Rawson and Clarke 1988 , Snyder et al. 2003 , Caird et al. 2007 ). The purpose and consequences of this nighttime water flow have been widely addressed, but the results seem to differ depending on the species studied (Howard and Donovan 2007 , Zeppel et al. 2014 , Alvarado-Barrientos et al. 2015 . The potential benefits of nighttime transpiration (E n ) include improved oxygen supply to the sapwood (Gansert 2003) , increased photosynthetic rates during the early morning hours (Resco de Dios et al. 2016 ) and the prevention of CO 2 build-up during high nighttime respiration rates (Marks and Lechowicz 2007) . Thus, nighttime water loss may be all but a futile process, even without co-occurring carbon uptake.
In this study, we address the potential role of nighttime transpiration in nutrient acquisition. On one hand, transpiration has been found to enhance the mass flow of mobile soil nutrients towards the roots (Matimati et al. 2014a) ; thus, E n may also be a mechanism that can enhance nutrient acquisition during the night, especially in nutrient-poor soils. For example, tropical trees from a nutrient-poor ecosystem were shown to lower considerably their stomatal conductance (g n ) and sap flow rates during the night when fertilized (Scholz et al. 2007) . Similarly, shrubs from a nutrient-limited habitat with suppressed E n showed lower nitrogen (N) uptake (Snyder et al. 2008 ). In contrast, neither E n nor g n of Helianthus annuus and three other species of the genus showed any significant response to different nutrient availability. However, the Helianthus species originating from nutrient-poor habitats did show somewhat increased stomatal opening and transpiration during the night relative to the other species (Howard and Donovan 2007) . On the other hand, the nighttime water use of two Populus species has been shown not to be affected by N shortage, even though N was growth limiting (Howard and Donovan 2010) . Also, Arabidopsis thaliana was shown to have considerable E n , but this was not correlated with nutrient uptake (Christman et al. 2009 ). Thus, a clear relationship between E n or g n and nutrient availability or even consistent interactions between these parameters have not been shown.
Addressing an additional factor, water stress, may help to explain the relationship between nighttime transpiration and nutrient availability, as interactions between nutrient-and wateravailability have long been documented and thus are likely to also affect nocturnal water relations , Carvajal et al. 1996 . Moreover, secondary water stress resulting from a greater total leaf area (Klooster et al. 2012 ) and a lowered soil water potential when grown under excess nutrients may be an explanation for indirect reduction of E n and g n at high fertilization regimes, especially when the plants are not well-watered (Howard and Donovan 2010) . However, soil N availability can also exert a direct positive effect on plant water uptake through induction of aquaporins at the root plasmalemma (Maurel et al. 2008 ). Thus, slow-growing species from nutrientlimited ecosystems could use higher nighttime sap flow rates to compensate for their low N availability (Rohula et al. 2014) . Soil phosphorus (P) deficiency has also been shown to result in enhanced E n and g n (Resco de Dios et al. 2013) , even though P is an immobile ion and transported to roots by diffusion rather than mass flow (Barber 1962) . However, the effect of soil P availability on E n could be indirect because P limitation can result in lower wood density and greater hydraulic conductivity (Resco de Dios et al. 2013) . These interactions between nutrient availability and water may have important implications for the distribution of plants and their responses to drought stress (Cramer et al. 2009 ).
Floodplain forests offer a plethora of ecosystem services but are threatened by eutrophication. A further threat is the predicted increase in severe drought events due to climate change (IPCC 2014) . European ash (Fraxinus excelsior L.) and European white elm (Ulmus laevis Pallas) are both broad-leaved deciduous tree species occurring in nutrient-rich hardwood floodplain forests in Europe (Peterken and Hughes 1995) . Fraxinus excelsior is tolerant of drought but responds to dry periods by osmotic solute accumulation rather than stomatal control (Marigo and Peltier 1996 , Guicherd et al. 1997 , Stöhr and Lösch 2004 . Ulmus laevis thrives well under periodic flooding, and exposure of U. laevis seedlings to prolonged water-logging has been shown to result in partial stomatal closure (Venturas et al. 2015) . However, U. laevis is highly susceptible to drought due to hydraulic failure caused by xylem cavitation (Venturas et al. 2014) . Due to their contrasting responses to drought, the two tree species deserve closer attention with respect to nocturnal stomatal control, to investigate whether the different drought response strategies also are reflected in nighttime stomatal conductance. The aim of this study is to investigate whether the supply of N and P in combination with contrasting soil water availability affects nighttime stomatal control of the two species and if-in that case-the recovery of the leaf water potential (Ψ) before dawn is influenced, too. Our first hypothesis is that g n will be differently affected by the availability of N and P. Thus, N is a mobile nutrient and can be transported with the bulk flow of the soil water. Under N-limiting conditions, we expect improved N availability through higher nighttime water flow, indicated by higher nocturnal stomatal conductance. In contrast, P is immobile in most soils and reaches the root surface via short distance diffusion. Hence, nighttime water uptake would not improve P availability. Instead, retaining a high soil water content would improve nighttime P-uptake, due to a strong correlation of the effective diffusion coefficient of P with soil water content (Bhadoria et al. 1991) . We therefore expect a lower g n to be advantageous under P-limiting conditions, especially in combination with water shortage. With respect to the different drought strategies of the two tree species Peltier 1996, Venturas et al. 2014) we secondly expect that U. laevis shows a stronger stomatal reaction not only to drought but also to nutrient availability, whilst F. excelsior might show less stomatal control. Understanding the relationship between nighttime plant water use and its possible interaction with nutrient availability would make an important contribution to being able to predict the vulnerability of the individual floodplain forest tree species to changing nutrient and water regimes. Our study does not merely investigate the functional dependence of nocturnal stomatal control with respect to different mobility of nutrients in soil water, but we also consider the different drought-response strategies of the two co-occurring tree species, which may affect their nocturnal stomatal conductance.
Materials and methods

Plant and soil material
The study was conducted in the experimental garden of the Biocenter Klein Flottbek, Hamburg, Germany (53°33′40′N Tree Physiology Online at http://www.treephys.oxfordjournals.org and 9°51′32′E). We used 2-year-old transplant seedlings of White elm (U. laevis Pallas) and European ash (F. excelsior L.) from the Northwest German lowland, provided by a tree nursery (Erwin Vogt Forstbaumschulen GmbH, Pinneberg, Germany). Each seedling was planted in a pot (40 cm high, 25 l) in an artificial soil mixture in May 2014. Leaves had not yet emerged at the time of planting. Holes in the bottom of the pots assured that water drained properly.
The soil mixture consisted of 85% sand, 10% clay and 5% dry peat substrate. After drying to constant weight at~75°C, the N and carbon content of the soil mixture were determined in an elemental analyser (Fisons Instruments, Model NA2000, Milan, Italy). After digestion of the dried soil in HNO 3 and H 2 O 2, the P content was determined by inductively coupled plasma optic emission spectrometry (ICP-OES, Perkin Elmer Plasma II, Shelton, CT, USA). The N, carbon and P content of the soil mixture were found to be 0.025%, 1.3% and 0.018%, respectively, which are within the lower range of floodplain forest ecosystems (Overesch et al. 2007 , Renninger et al. 2014 .
Experimental setup
The pots were placed on wooden pallets under a 5 m × 9 m × 4.5 m (L × W × H) tent-like rain shelter construction laterally open to all sides to a height of~2 m. The pallets were arranged in five rows under the rain shelter. Every row contained one replicate of each species, nutrient and watering treatment. There were five replicates for each species per treatment, resulting in a total of 40 trees per species. Every 20 days, the pots were carefully rotated under the rain shelter following a rotating schedule that minimized positioning effects. The tent-like rain shelter construction was covered with greenhouse foil on the top to enable a controlled watering regime, but open on the sides to a height of~2 m to avoid thermal greenhouse effects and to allow ambient air movement through the loosely arranged potted plants in order to minimize decoupling of transpiration from the atmosphere through boundary layer effects. The greenhouse foil allowed 80% of the photosynthetic active radiation (PAR) to reach the seedlings. Generally, the tree seedlings were given ample water, but 3 days before any physiological measurements were conducted, water was withheld from half of all replicates ('drought treatment'), whereas the other half continued to receive ample watering ('well-watered treatment'). The volumetric soil moisture was measured biweekly with a moisture meter (ThetaProbe ML2, Delta T Devices Ltd, Cambridge, UK) in the topsoil and at 13 cm and 26 cm depths through holes drilled in the side of the pot. At the time of the physiological measurements after 3 days of the drought treatment, the soil moisture in the drought-treated pots was on average 44% lower than that of the well-watered pots (11 ± 2 vol.% in droughttreated vs 20 ± 3 vol.% in well-watered pots; mean ± SD).
Four fertilization treatments were implemented: Z (zero N or P added), P (only P added), N (only N added) and NP (both N and P added). The trees were fertilized accordingly two and four weeks after planting, with either zero N or a total of 1.3 g N/pot, and zero P or a total of 1.3 g P/pot. Both the N and P fertilizer were slow-release single-nutrient fertilizers that were mixed into the top 10 cm of the soil mixture of each pot. P was added as P 2 O 5 , and N was added as NH 4 NO 3 . Sulfur (S), magnesium (Mg) and potassium (K) were present in different concentrations in the N and P fertilizers and were, hence, added separately to each pot to reach similar concentration (5 g K, 2 g Mg, 3 g S) in each pot. The experiment lasted for 123 days.
Growth and morphological measurements
The height and the circumference of all plant stems were measured at the beginning of the experiment (May 2014) and again before harvest in September, and the incremental growth in height and circumference were calculated as the absolute difference between end-and start-height and -circumference, respectively. The stem diameter was calculated from their circumference. After harvest, all plants were separated into leaves, stem and roots. Roots were washed thoroughly with tap water. All plant parts were dried to constant dry weight at 80°C and their biomass was determined. The root:shoot ratio was determined as the ratio of the dry mass of roots to the dry masses of leaves and stems. The mass ratio of each fraction (leaf mass ratio, stem mass ratio and root mass ratio) was determined as the ratio of the dry mass of the respective fraction to the total dry mass of the plant. Immediately after harvest, the total leaf area was determined with an area meter (Model 3100, Li-Cor, Lincoln, NE, USA).
Physiological measurements
Stomatal conductance was measured with a leaf porometer (Model SC-1, Decagon Devices, Inc., Pullman, WA, USA). Initial measurements on all plants showed that daytime stomatal conductance (g s ) peaked between 9 a.m. and 2 p.m. (GMT), and nighttime stomatal conductance (g n ) was highest between 11 p.m. and 3 a.m. (GMT). Hence, all g s measurements were conducted between 9 a.m. and 2 p.m., and all g n measurements were conducted on the following night between 11 p.m. and 3 a.m. Daytime measurements were made on sunny days once in mid July, August and September (22 and 25 July 2014 for elm and ash, respectively; 20 August 2014 both species; 23 September 2016 both species). During nighttime measurements, green headlamps were worn with a light intensity (PAR) <2 µmol m −2 s −1 . Initially, nocturnal transpiration (E n ) was computed according to Larcher (2003) and Lange et al. (1983) , using the temperature and air humidity values measured by a directly adjacent climate station to calculate the vapour pressure, assuming saturated humidity of intercellular spaces and thermal equilibrium between leaves and surrounding air in the absence of sunlight. Due to free air movement through the loose arrangement of potted plants (mean ± SD of nocturnal wind speed was 0.63 ± 0.41 m s , hourly values June-August 2014 computed by an directly adjacent climate station), the boundary layer conductance was by far higher than g n in Tree Physiology Volume 37, 2017 a way that decoupling E n from g n was assumed to be negligible (cf. Daudet et al. 1999) . Thus, the only determinant for different E n between treatments was g n , and the statistical outcome for E n was equal to g n . Hence, it can be assumed that E n responded like g n and was mainly determined by g n , which is why we do not show any results for E n . After g s and g n were measured in July, the midday and pre-dawn water potential (Ψ md and Ψ pd , respectively) of the respective leaves were determined using a pressure bomb (Skye SKPM 1400, Skye Instruments Ltd, Powys, UK).
The minimum leaf conductance (g min ), which displays the conductance of defect stomata and the cuticle (Kerstiens 1995) , was determined according to Sack and Scoffoni (2011) . One leaf per plant was cut and the cut petiole was sealed with melted candle wax. The leaf area was then determined with an area meter (Model 3100, Li-Cor). Finally, the leaves were loosely hung on lab tape and their weight was determined every 15-20 min over a course of 4 h. The room temperature and relative humidity were monitored with a USB humidity and temperature logger (HumiLog, Driesen & Kern GmbH, Bad Bramstedt, Germany). The saturated vapour pressure (V psat ) was calculated according to Buck (1981) .
Statistical analyses
The experiment was a complete three-factorial block design with the factors 'nitrogen treatment' (+N vs −N), 'phosphorus treatment' (+P vs −P) and 'watering regime' (drought-treated, D, vs well-watered, W). The two tree species were analysed separately. Eight treatment combinations (n = 5) for each species resulted from the setup: D −N−P, W -N−P, D +N−P, W +N−P, D +P−N, W +P−N, D +N+P and W +N+P. All data met the assumptions of normal distribution and homogeneity of variance.
All data but stomatal conductance were analysed by three-way analysis of variance (ANOVA) using Type III sum of squares. However, since 'watering regime' had no effect on leaf, stem or root biomass, leaf, stem or root mass ratio, root:shoot ratio, total leaf area, total height gain or diameter gain, the data for the different watering regimes of these parameters were pooled and re-analysed by two-way ANOVA, with the main factors 'nitrogen treatment' (+N vs −N) and 'phosphorus treatment' (+P vs −P). Stomatal conductance values (g s and g n ) were analysed by three-way factorial repeated measures ANOVA, with between-subject factors 'watering regime' (drought-treated, D, vs well-watered, W), 'N availability' and 'P availability', and the within-subject factor 'measuring time' (July vs August vs September). Mauchly's test was used to assure sphericity, and a trend analysis using orthogonal polynomials was made to check for linear and quadratic trends among month means. Tukey's HSD post hoc test was used to determine differences between means. Mid-day and pre-dawn water potential means of each treatment were compared by a Student's t-test. Multiple variable analyses were made with the parameters g s and g n from each month, the biomasses and biomass fractions, root:shoot ratio, Ψ md , Ψ pd , total leaf area, height and diameter gain and g min , by generating Spearman Rank Correlation coefficients for each species. The statistical softwares STATISTICA 10.0. (StatSoft Inc. 2011, Tulsa, OK, USA) and Statgraphics Centurion XVI (Statpoint Technologies, Inc., Warrenton VA, USA) were used for the analyses.
Results
Growth and morphological measurements
For F. excelsior, adding N significantly increased leaf, stem and root biomass, the leaf mass ratio, the total leaf area, the total height gain and the increase in diameter (see Table S1 available as Supplementary Data at Tree Physiology Online; Table 1 ; Figure 1a and b). Phosphorus availability had no significant effect on these parameters for this species. Added P resulted in significantly higher stem mass ratio. However, this response to P availability was affected by N availability (P × N interaction, see Table S1 available as Supplementary Data at Tree Physiology Online), with higher stem mass ratio under sufficient P, when no N was supplied. The root mass ratio of F. excelsior was highest when P was lacking, especially when N was not available either (N × P interaction; see Table S1 available as Supplementary Data at Tree Physiology Online; Figure 1b ). The root:shoot ratio Table 1 . Growth parameters (mean ± SE) of F. excelsior and U. laevis after growth at different nutrient availabilities (−N, nitrogen deficient; +N, nitrogen sufficient; −P, phosphorus deficient; +P, phosphorus sufficient). Different letters indicate statistically significant differences within the same parameter. Tree Physiology Online at http://www.treephys.oxfordjournals.org was highest when P was not available (Table 1; see Table S1 available as Supplementary Data at Tree Physiology Online). For U. laevis, sufficient N and P availability resulted in significantly increased leaf, stem and root biomass, and gain in height and diameter (Table 1; see Table S1 available as Supplementary Data at Tree Physiology Online; Figure 1c ). High N availability affected the leaf mass ratio positively, and the root mass ratio negatively (Figure 1d ; see Table S1 available as Supplementary Data at Tree Physiology Online). Stem mass ratio of this species showed no treatment effects. The root:shoot ratio of U. laevis was highest when N was deficient (Table 1; see Table S1 available as Supplementary Data at Tree Physiology Online). Nitrogen supply resulted in higher total leaf area in U. laevis (Table 1; see Table S1 available as Supplementary Data at Tree Physiology Online).
Nighttime and daytime stomatal conductance
The repeated measures ANOVA revealed that the measuring month had a significant influence on the results of stomatal conductance (see Table S1 available as Supplementary Data at Tree Physiology Online). Both species had significantly lower g n and significantly higher g s in July compared with the other two months. Fraxinus excelsior g s was not significantly affected by watering regime. However, at daytime overall leaf conductivity was higher when nutrients were added, especially N in July, and P in August and September (Figure 2a and b) . In contrast, g s of U. laevis was overall not significantly affected by N availability, but the effect of P availability on g s differed over time, where sufficient P increased g s in well-watered trees especially in July (Figure 3a and b) . Also, g s of well-watered trees was higher than of drought-treated trees, Tree Physiology Volume 37, 2017 especially in July (Figure 3a and b; see Table S1 available as Supplementary Data at Tree Physiology Online). Nighttime stomatal conductance (g n ) of F. excelsior was higher in well-watered trees than drought-affected trees (Figure 2c and d ; see Table S1 available as Supplementary Data at Tree Physiology Online). Overall, N-deficiency (−N treatment) resulted in higher g n , especially when P was added (Figure 2c and d) . Fraxinus excelsior had the lowest g n in July. Ulmus laevis g n was higher when N had been added, which was particularly pronounced in July and August (Figure 3c and d) .
The values of nighttime conductance of F. excelsior in July were only 19-74% of the daytime conductance values for all treatments, with the major part of this variation owing to differences in g s . In August, g n values were 64-127% of g s values for all treatments. Values for g s of F. excelsior seedlings in September were low compared with g n values in July and August, and g n values were 86-130% of g s values.
Values of nighttime conductance of U. laevis in July were only 34-65% of g s values for all treatments. Values for g n were 81-141% of g s values in August, with lower g s than in July in most treatments but similar g n . Values for g s and g n were lower in all treatments for U. laevis in September, compared with values from July and August. The values of g n in September were 68-108% of the values for g s .
Minimal stomatal conductance (g min ) and water potential
Well-watered plants of F. excelsior had significantly higher g min than drought-treated plants. Ulmus laevis showed no treatment effects with respect to g min (Table 2; see Table S1 available as Supplementary Data at Tree Physiology Online).
For F. excelsior, the mid-day leaf water potential (Ψ md ) did not differ between the treatments. The pre-dawn leaf water potential (Ψ pd ), however, was overall lower (more negative) in Figure 2 . Daytime (g s ) and nighttime (g n ) stomatal conductance (mean ± SE) of F. excelsior grown at different nutrient availability and watering regimes measured during July, August and September 2014. +N, nitrogen sufficient; −N, nitrogen-deficient; +P, phosphorus sufficient; −P, phosphorus-deficient.
Tree Physiology Online at http://www.treephys.oxfordjournals.org leaves of well-watered plants and plants which lacked N ( Figure 4a ). All leaf Ψ pd measurements were higher than leaf Ψ md for F. excelsior, but these differences were only significant in the drought-treated −N−P and drought-treated +N+P treatments (Figure 4a ). For U. laevis, all leaf Ψ md were significantly lower than leaf Ψ pd , but the treatment factors had no effect on either leaf Ψ md or leaf Ψ pd (Figure 4b ; see Table S1 available as Supplementary Data at Tree Physiology Online).
Correlation analyses
The g n and g s of both species were significantly correlated within every month ( Figure 5 ; see Table S2 available as Supplementary Data at Tree Physiology Online). For F. excelsior this correlation was negative in July (Figure 5a ). Leaf, stem and root biomass, leaf mass, total leaf area, height and diameter gain of F. excelsior were positively, and root mass and root:shoot ratio negatively correlated with g s in July, but not in the other two months. Interestingly, none of the biomass or growth parameters of U. laevis was correlated with g s , except for a positive correlation with leaf mass ratio in August (see Table S2 available as Supplementary Data at Tree Physiology Online).
For F. excelsior, a negative correlation of g n was found with Ψ pd (July), total height gain (all months), total leaf area (August and September), leaf mass ratio (July and September), root and stem biomass (September), leaf biomass (August and September) and a positive correlation was found with g min (all months) and root mass and root:shoot ratio (July) (see Table S2 available as Supplementary Data at Tree Physiology Online). Stem biomass and stem mass ratio (July), total height and diameter gain (July and August) of U. laevis were positively correlated with g n .
(a) (b) (c) (d) Figure 3 . Daytime (g s ) and nighttime (g n ) stomatal conductance (mean ± SE) of U. laevis grown at different nutrient availability and watering regimes measured during July, August and September 2014. +N, nitrogen sufficient; −N, nitrogen-deficient; +P, phosphorus sufficient; −P, phosphorus-deficient.
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Discussion
We showed in this study that F. excelsior and U. laevis, two Central-European hardwood floodplain tree species, had substantial nighttime stomatal opening. The nighttime stomatal conductance was partially affected by nutrients (N and P) and water availability, although the type and degree of the nutrient and watering effect differed between the species. In general, g s and g n of each species responded differently to our (a) (b) Figure 4 . Mid-day and pre-dawn leaf water potentials (mean ± SE) of F. excelsior and U. laevis grown under different nutrient availabilities and watering regimes measured during July 2014. Different letters indicate statistically significant differences within the same species over both watering regimes. Asterisks indicate a significant difference within the same species between mid-day and pre-dawn leaf water potential within one treatment (*P < 0.05; **P < 0.01; ***P < 0.001). +N, nitrogen sufficient; −N, nitrogen-deficient; +P, phosphorus sufficient; −P, phosphorus-deficient. Table 2 . Minimum leaf conductance (g min ) (mean ± SE) of F. excelsior and U. laevis after growth at different nutrient availabilities (−N, nitrogen deficient; +N, nitrogen sufficient; −P, phosphorus deficient; +P, phosphorus sufficient) and watering regimes (W, well-watered; D, drought-treated). Different letters indicate statistically significant differences within the same species.
Parameter Treatment Tree Physiology Online at http://www.treephys.oxfordjournals.org experimental treatments, but throughout all the treatments, g s and g n were correlated ( Figure 5 ). This implies that nocturnal stomatal opening was not only driven by factors independent of those that control daytime conductance, as has been shown for other species (Rawson and Clarke 1988 , Caird et al. 2007 , Dawson et al. 2007 , Christman et al. 2008 , McNellis and Howard 2015 , Resco de Dios et al. 2015 ; nighttime stomatal conductance could also be influenced by the same
(h) Figure 5 . Correlation analysis of different physiological parameters of F. excelsior and U. laevis grown at different nutrient availability and watering regimes. Significant correlation are shown with regression line. g s , daytime stomatal conductance; g n , nighttime stomatal conductance; Ψ pd , pre-dawn leaf water potential.
components that are determinant for daytime conductance. Stomatal regulation varied substantially over the course of the growing season. In July g s was highest for both species and g n lowest. In August and September, g s decreased and g n increased so that the differences of measured leaf conductance between day and night became minimal. As g s can be considered as indicative of assimilation rates (A) (Farquhar and Sharkey 1982) it is likely that A of the trees peaked in July and declined thereafter in parallel with g s due to leaf aging. Such a coordinative reduction of A and g s in aging leaves has previously been observed for some broad-leaved species (e.g., Kositsup et al. 2010 , Locke and Ort 2014 , Zhou et al. 2015 , and might be a general phenomenon since it corresponds to the observation that the productivity of ecosystems of the Northern hemisphere peaks early in the growing season (Xu et al. 2016) . Consistent with our first hypothesis, N and P fertilization caused different responses in stomatal conductance of both tree species. At daytime, F. excelsior had higher g s in July and August when N and P were available, but at night, g n was higher when N was limiting, as has been suggested previously for other plant species (Scholz et al. 2007 , Alvarado-Barrientos et al. 2015 . P-limitation caused reduced stomatal conductivity particularly at daytime, but was also evident at night.
The higher g n under N-deficiency led to an increase in sap flow and, thus, probably increased mass flow in the soil to the roots, aiming at enhanced N uptake during the night (Matimati et al. 2014a , 2014b , Rohula et al. 2014 . Nitrogen fertilization can alter hydraulic characteristics in trees, such as lowering specific leaf hydraulic conductivity by increasing leaf area, which has been demonstrated in N-fertilized F. excelsior (Bucci et al. 2006) and in the present study. The higher g n in N-deficient F. excelsior may well have been supported by an altered hydraulic architecture to favour N uptake at night (Dawson et al. 2007) . The fact that the effects of nutrients on nighttime conductance did not have the same effect on stomatal conductance at daytime suggests that the factors controlling g n can be superimposed by adversely acting mechanisms during daytime. During the day, higher g s in leaves with high N and P availability may well have been correlated with presumably higher photosynthetic rates, which are commonly higher in sufficiently fertilized plants (Longstreth and Nobel 1980 , Farquhar and Sharkey 1982 , Kazda et al. 2000 , Mendes and Marenco 2015 . Additionally, nutrient availability has previously been associated with the regulation of plasma membrane aquaporins, which have been shown to be reduced or non-functional in nutrient-deprived plants, driving lower sap flow and g s (Carvajal et al. 1996) . Since also irradiance, pH and cell turgor affect the induction of plant aquaporins, differential expression of genes encoding these water channels during day-and nighttime is likely, even within the same fertilization regime (Maurel et al. 2008) . For U. laevis, g s showed no significant response to fertilization but at night, U. laevis had higher g n especially in N-fertilized plants, consistent with the observation that sap flow has also been shown to increase with increased nutrient availability (Bucci et al. 2006) .
The different response to fertilization of the two species may be explained by different nutrient capture strategies: P-deficient F. excelsior increased its relative belowground growth, whereas U. laevis increased relative belowground growth under N-deficiency. For F. excelsior, this response can be explained by the fact that P occurs largely as an immobile ion in soils. To increase P uptake, rather than increasing mass flow of soil water to the roots, roots need to grow to increase the surface area available for P uptake and to reach new sources once P is depleted locally (Sollins et al. 1988 ). As we hypothesized, F. excelsior had lower g n under Plimiting conditions, especially in combination with water shortage. Sufficiently fertilized F. excelsior had higher stomatal conductance during the day compared with non-fertilized plants, whereas sufficiently fertilized U. laevis had higher stomatal conductance during the night. On one hand, aquaporin production may be stimulated by high fertilization and ultimately lead to higher transpiration and sap flow rates (Carvajal et al. 1996 , Maurel et al. 2008 . On the other hand, N shortage may increase transpiration rates due to altered hydraulic architecture, ultimately increasing the transpiration-driven mass flow that delivers nutrients to the root surface (Cramer et al. 2009 , Faustino et al. 2013 , Matimati et al. 2014a . The importance of transpiration-driven mass flow as a nutrient acquisition strategy may vary with species. Our results suggest that F. excelsior increases its nighttime transpiration rates when the mobile nutrient N is limiting. Also, it allocates more biomass to roots when the immobile nutrient P is limiting. Ulmus laevis did not seem to rely on nighttime transpiration-driven mass flow for N acquisition but rather allocated more biomass to roots under N-deficiency. It is not clear from our present results which P-enrichment strategy was employed by U. laevis. As P-sufficient plants had higher biomass production than P-deficient plants for U. laevis, it is unlikely that P was less limiting than N for the growth of this species. However, the location of nutrients in the soil profile may play a role for nighttime water uptake of some plants, such as in Aspalathus linearis, which showed nighttime transpiration only if nutrients were available in the deep soil but not in the topsoil (Matimati et al. 2014b ). Instead, this species favoured hydraulic redistribution in which dry surface soil layers were rewetted during the night, increasing surface nutrient mobility. This is a process that competes with nighttime transpiration (Howard et al. 2009 ). We did not investigate whether hydraulic redistribution occurred. However, it cannot be ruled out as a P-mobilization strategy, for example, in drought-treated U. laevis that had not received nutrients and had low g n , since nutrients in this study were applied to the surface soil layer.
The drought treatment in the present study was not severe enough to affect any growth-related parameter but some physiological parameters of both species responded to drought. Fraxinus excelsior is known as a very successful competitor for water that can greatly reduce soil-water availability for neighbouring plants
Tree Physiology Online at http://www.treephys.oxfordjournals.org (Rust and Savill 2000) . Well-fertilized trees have previously been shown to have lower drought tolerance due to a lower root:shoot ratio , but this was not the case in the present study. All tree seedlings had similar leaf Ψ md for all treatments, despite higher g s in well-fertilized plants and differences in leaf Ψ pd in F. excelsior related to N availability and watering regime. Also, the total leaf area, which may cause more severe drought responses when larger, was similar for both species in both watering regimes. Thus, physiological responses to drought could be detected earlier than growth responses, and growth was unaffected under the short-term drought events applied in the present study.
Nighttime stomatal conductance of F. excelsior was limited by water availability, in contrast to daytime stomatal conductance. The water potential analyses in July showed that g n of U. laevis was not closely linked to leaf Ψ pd . In contrast, N-deficient leaves of F. excelsior with higher g n also reached lower pre-dawn leaf water potentials (Ψ pd ), and the correlation analysis confirmed a significant relationship. Thus, nighttime transpiration may be a process that occurs at the expense of rehydration of F. excelsior leaves during the night as has been suggested by other studies (Howard et al. 2009 , Matimati et al. 2014a . Fraxinus excelsior has been observed to accumulate osmotic solutes in its leaves under dry conditions rather than exerting stomata control (Marigo and Peltier 1996 , Guicherd et al. 1997 , Stöhr and Lösch 2004 . We found indeed no stomatal closure in F. excelsior at daytime in drought-treated leaves, opposite to U. laevis, which seemed to exert stomatal control as a drought response during the day in July. However, drought affected g n of F. excelsior negatively in July, but not of U. laevis and thus, stomatal control was exerted by both species, but at opposite times of the day.
Despite the rather limited number of studies that have dealt with the adaptive benefits of nighttime stomatal control, genetic variation in g n can be revealed when comparing distinct lineages of the same species or different species under equal environmental conditions (Marks and Lechowicz 2007, Christman et al. 2008) . Plant species adapted to habitats with abundant water may have higher nighttime water loss because evolutionary forces towards stomatal control may have been weak and leaky stomata may have been tolerated to a larger extent than in water-limited habitats. Species with high nighttime stomatal conductance and transpiration rates but also high g min are, therefore, expected to be found mostly in moist habitats (Barbour et al. 2005 , Zeppel et al. 2014 . However, some studies have found no support of this correlation between high nighttime sap flow and adaptation to moist habitats (Marks and Lechowicz 2007) . We found that g min of both species was too low to significantly contribute to g n and we conclude that the g n measured in our experiment varied as a result of stomatal control rather than leaky stomata or a broken cuticle. Nevertheless, while U. laevis g min showed no treatment effects or any correlation with g s or with g n , g min of F. excelsior was positively correlated with g n , and may have contributed to a very small degree to this species' nocturnal stomatal conductance.
In conclusion, our study showed that F. excelsior and U. laevis, two common temperate floodplain forest species, are capable of nighttime stomatal opening and that N and P availability, and watering regime affected these processes differently in both species. Fraxinus excelsior seemed to use nocturnal stomatal opening when N-deficient, possibly to increase the mass flow of soil water carrying N to the roots. As we expected, P-deficiency tended to cause a reduction of g n in F. excelsior. The species increased its root:shoot ratio to enhance the contact surface with the immobile P in the rhizosphere. Nighttime stomatal opening of U. laevis was presumably caused by secondary nutrient effects, and was not aimed at enhancing nutrient capture. The species relatively increased its belowground biomass as a response to N-deficiency. Both species exerted stomatal control to drought, but at different times of the day. Further studies should be undertaken to investigate to what extent nighttime transpiration, especially in F. excelsior, can increase nutrient uptake. As our study shows, nutrients not only affected growth parameters but also plant-water relations; thus, eutrophication in floodplain forests dominated by F. excelsior and U. laevis may considerably change nighttime and daytime transpiration rates, leading to changed ecosystem-level plant-water dynamics.
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